Background: Meiosis is essential for sexual reproduction, and generates genetically diverse haploid gametes from a diploid germ cell. Reduction of ploidy depends on active chromosome movements during early meiotic prophase I. Chromosome movements require telomere attachment to the nuclear envelope. This attachment is mediated by telomere adaptor proteins.
Background
Meiosis is a cell division mode during which one round of DNA replication is followed by two successive rounds of chromosome segregation leading, to the generation of haploid cells.
During the prophase I stage, a series of specialized events including homologous chromosome pairing, synapsis, and recombination are crucial for the faithful completion of meiosis. These processes mainly depend on evolutionarily conserved chromosome movements and require the association of telomeres with the nuclear envelope (NE) ( The SUN-KASH proteins, are widely conserved in animals, nematodes, yeast, and plants (Link & Jantsch, 2019; Pradillo et al., 2019; Zeng et al., 2018) . However, the conservation of the meiotic specific telomere adaptor proteins is less clear. In yeast, a similar mechanism for anchoring telomeres to the NE has been identified. It involves the Bqt1 -2 meiotic telomere adaptor that connects, the Taz1-Rap1 telomere protein to Sad1 SUN domain protein in a complex with Btq3-4, INM proteins (Chikashige & Hiraoka, 2001; Chikashige et al, 2006; 2009; Miki et al., 2004; Cooper et al., 1998 ) ( Supplementary Fig. S2 ). However, no protein sequence similarity these yeast telomere adaptor proteins and those of mice has been detected.
The high divergence between yeast and mice telomere adaptor proteins makes it unclear how conserved the mechanisms mediating the dynamic anchoring of meiotic telomeres to the NE. To probe the origin of the murine TERB1-TERB2-MAJIN complex, we used computational methods to identify their putative orthologues in public databases and subjected candidates to expression studies. Our results indicate that the TERB1-TERB2-MAJIN complex is evolutionarily ancient and that dates back to the common ancestor of metazoans.
Results

TERB1, TERB2 and MAJIN are ancestral metazoans proteins
To identify candidate TERB1, TERB2 and MAJIN homologues in other taxa, we carried out a bioinformatic screen of public sequence database using PSI-BLAST (Altschul et al., 1997) . Our survey of public sequence databases identified homologues of the mouse meiotic telomere complex proteins TERB1, TERB2, and MAJIN mainly in metazoans (Supplementary Information, Table S1 , S2 and S3). Most sequences were obtained from Deuterostomes and especially in the Vertebrata, but candidates were also readily identified in Cephalochordata, Echinodermata, and Hemichordata. Beside the deuterostomes, homologues were also detected in the Lophotrochozoa principally Mollusca, Annelida, and Brachiopoda. Only a few putative homologous were found among Ecdysozoans in the Priapulida and Arthropoda clades. We also identified putative homologues of TERB1, TERB2, and MAJIN in non-bilaterians such as Cnidaria, Placozoa, and Porifera. The taxonomic distributions of TERB1, TERB2, and MAJIN were very similar, meaning that all three corresponding genes are present in metazoan species. Of note, TERB1, TERB2, and MAJIN are present in a single copy in vertebrates, despite the two rounds of whole genome duplication that occurred during the evolutionary history of this group (Dehal & Boore, 2005) . This indicates that paralogues resulting from these events were not retained during evolution. Similarly, no paralogues were observed in other metazoan lineages.
-5 -These results implied that these three proteins are likely ancient in metazoans, and arose before the emergence of bilaterians. TERB1 multiple sequence alignments revealed high similarity in protein domain organization with N-terminal ARM repeats (aa 16-384) and C-terminal MYB (aa 715-747) domain shared between Porifera, Cnidaria (Hydrozoans), Annelida, Mollusca, Brachiopoda, Echinodermata (Asterozoa) and Vertebrata ( Fig. 1A , Supplementary Fig.S3) . Surprisingly, candidate TERB1 sequences from Cnidaria (Anthozoa), Arthropoda, Priapulida, Cephalopoda, Hemichordate and Cephalochordate appear to lack a Myb domain (Supplementary Information, Table S2 ). Nonetheless, closer inspection of the sequence alignment indicated amino acid conservation flanking the essential site for TERB2 binding (T2B) (aa 593-622 of mice) in TERB1 Supplementary Fig. S3 ).
The multiple alignment of TERB2 sequences revealed prominent conservation stretches spanning the entire N-terminal domain (aa 1-116 of mouse) ( Fig. 1B ). Furthermore, smaller stretches along the C-terminal region of TERB2 (aa 174-209 of mice) were found to be conserved among taxa ( Fig. 1B, Supplementary Fig. S5 ). This result indicates that the most conserved features in TERB2 comes from the protein regions essential for the interaction with Finally, a multiple sequence alignment of MAJIN candidates showed sequence similarity restricted to the N-terminus (aa 2-194 of mice) ( Fig. 1C, Supplementary Fig S6) . This region Overall, the multiple sequence alignment of putative TERB1-TERB2-MAJIN orthologues showed comparable protein organization to the mouse proteins and revealed conserved stretches of high similarity in those domains required for the interaction with binding partners.
These findings support the notion that despite their great divergence, these proteins are bona fide homologous, meaning that they derive from a common ancestor.
To recover the evolutionary history of TERB1, TERB2 and MAJIN proteins, taxonomically balanced Bayesian trees were built (Fig 2 A-C) . The deepest nodes of the trees (especially TERB2 and MAJIN) are poorly resolved (weak posterior probabilities < 0.75), probably due to the relatively small number of sites that were kept for the phylogenetic analyses and indicating lack of phylogenetic signal rather than a true conflicting signal ( Fig. 2 A-C). Nevertheless, it is noticeable that within Vertebrata, the relationship among sequences are consistent with the systematics, and that most Lophotrochozoa sequence group together ( Fig. 2 A-C). In the Ecdysozoa clade, candidate proteins that belong to Arthropoda (Zootermopsis nevadensis and Centruroides sculpturatus) for TERB1 and TERB2 are less conserved and showed relatively long branches indicating suggesting a fast rate of evolution ( Fig. 2A-B ).
In summary, these results clearly indicate that MAJIN, TERB1, and TERB2 were present in the ancestor of all present-day metazoans and are conserved in most present-day lineages including the early diverging Porifera, Placozoa, and Cnidaria ( Fig. 2A-C) . -7 - According to our analysis, we have identified orthologues of TERB1, TERB2, and MAJIN across metazoans. To provide insight into a possible meiotic role of the candidate orthologues in species evolutionarily distant from the mouse, we decided to investigate the expression pattern of putative TERB1, TERB2 and MAJIN orthologues in the basal metazoan Hydra vulgaris. Equal amounts of total RNA were isolated from four different body regions: head, body column, testes, and foot TERB1, TERB2, and MAJIN transcript were detected by RT-PCR using specific primers that spanned exon-exon junctions in the predicted transcript of Hydra vulgaris (Supplementary Information, Table S4 ).
Expression of TERB1, TERB2 and MAJIN in the basal metazoan Hydra
Our experiments showed that putative Hydra Terb1, Terb2 and Majin were specifically detected in the testis fraction. Faint signals in the body column fraction result from slight contamination with the previously associated testis tissue. Amplification of Hydra actin demonstrated the equal concentration of mRNA in the different fractions ( Fig. 3A) .
To confirm this expression pattern and to evaluate the spatial localization of Hydra Terb1, Terb2, and Majin transcripts we performed whole mount in situ hybridization (WMIH) (Fig. 3B ). In addition, we achieved to amplify the complete coding sequences of Hydra vulgaris Terb1, Terb2, and Majin using the predicted ORF sequences ( Supplementary Fig. S7 ) from testis fraction. The predicted translation product from our full-length cDNA experiments showed similar domain organization with mouse TERB1, TERB2, and MAJIN protein sequence ( Supplementary   Fig.S8 ).
Taken together, our results are consistent with the notion that TERB1, TERB2 and MAJIN would fulfill meiosis-specific functions across metazoans.
Discussion
TERB1-TERB2 and MAJIN date back to the common ancestor metazoans
Active chromosome movements during meiotic prophase I is an evolutionarily conserved hallmark that ensures fidelity in the pairing of homologous chromosomes, synapsis and recombination. Despite the biological conservation of telomere anchoring to the NE, the sequence of meiotic telomere adaptor proteins is highly divergent between mouse and yeast. Our Overall, the existence of very distantly related sequences of TERB1, TERB2 and MAJIN in ancient non-bilateral clades such as Cnidaria, Placozoa and Porifera, seems likely that these genes are not an innovation of mammals. In this scenario TERB1-TERB2-MAJIN must have arisen only once in metazoan evolution and were then either secondarily lost or diverged beyond recognition in lineages leading to C. elegans and D. melanogaster. Our experimental detection and localization of orthologous transcripts in Hydra vulgaris testes strongly advocates a meiotic role for these genes in Cnidaria. analyzed bear the essential region for TERB2 binding (T2B). Recently, it was reported that the human TERB1 C-terminus (aa 590-649) interacts with the N-terminus of TERB2 (aa 2-116) through hydrophobic contacts and electrostatic interactions (Wang et al., 2019) . In addition, the structure of T2B of TERB1 was resolved in two helices (H1 and H2) in which secondary structures alpha helix were nicely predicted for this region ( Supplementary Information, Fig. S3 ).
TERB1, TERB2, and MAJIN share binding sites sequence domains across metazoans
Unexpectedly, our multiple sequence analysis identified a highly conserved motif in the Nterminal domain of TERB2 (aa 86-90 of human) in all taxa. This motif, resembles the [F/YxLxP] motif (Chen et al., 2008) required for shelterin proteins to bind the TRHF interface of TRF1 and TRF2, as previously discussed in mammals (Fig. 1B) . These findings suggest that TERB2 could intrinsically be recruited to and/or interact with shelterin TRFH surfaces, further analysis needs to be done to confirm its functionality in the context of meiosis. In addition, the sequence alignment not only highlighted that the N-terminus of TERB2 was the most conserved region but also, detected a short stretch of similarity at the C-terminus which nicely correspond to the regions in which interact with N-terminus of MAJIN. Interestingly, a closer inspection of the identified MAJIN orthologues showed that the mainly conserved region is the N-terminus, while its C-terminal part is quiet variable in all taxa.
Conclusion
Altogether, these results suggest that TERB1, TERB2 and MAJIN have an ancient origin in metazoan. Their detection in germ-line tissue of the ancient non-bilaterian Hydra vulgaris supports functional conservation over evolutionary time, implicating them as critical mediators of meiotic chromosome attachment.
Material and Methods
Data mining
The non-redundant protein database from the NCBI (https://www.ncbi.nlm.nih.gov/) was used to retrieve homologues of mice TERB1 (NP_851289), TERB2 (NP_083190), and MAJIN (NP_001159391) using PSI-BLAST (options: substitution matrix = BLOSUM45, word size = 3) (Altschul et al., 1997) . Iterations were repeated for newly detected homologue sequences until -11 - convergence. Genomic sequences available at the NCBI (e.g. genome, est, tsa) and ensemble databases, were checked with the TBLASTN algorithm using the BLOSUM45 matrix. All retrieved sequences were used for reciprocal BLAST tests to ensure that they represented putative homologues of TERB1, TERB2, and MAJIN proteins and not false positives. Hydra vulgaris TERB1, TERB2, and MAJIN sequences obtained from this study (see below) were included in the analysis.
Sequence alignment and phylogenetic tree construction
The retrieved sequences were aligned using PROMALS3D (Pei et al., 2008) For phylogenetic analyses, we selected a taxonomically balanced subset of homologous sequences which represent a wide range of animal phyla (Supplementary Information, Table S1 ). Maintenance of Hydra vulgaris strain AEP Experiments were carried out using Hydra vulgaris strain AEP (Hemmrich et al., 2007) . Animals were cultured according to standard procedures at 18°C (Lenhoff & Brown, 1970) . Sexual differentiation was induced by starving the animals for several days after one week of intensive feeding. The cDNAs obtained were used as templates for the identification of the complete coding sequences and expression analyses in different tissues. To amplify full length coding sequence of Hydra vulgaris we designed specific primers using the predicted ORF sequences (Supplementary Information, Table S4 ). The cDNA amplification was performed with Phusion polymerase (Thermo-Fisher). PCR products were visualized on 1% agarose gel (peqLab) to verify size ( Supplementary Information, Fig. S7 ), purified with a NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel) and inserted into the pSC-A-amp/kan plasmid using a StrataClone PCR Cloning Kit (Agilent Technologies). The plasmids were purified using a NucleoSpin® Plasmid kit (Macherey-Nagel) kit and verified by automated sequencing. To verify the obtained full-length or nearly fulllength of cDNA, single read sequences from independent cloning were compared with the transcript reference sequence.
Isolation
The expression studies were performed by RT-PCR using an intron spanning primer set ( Supplementary Information, Table S4 ) designed the genomic annotations of Hydra vulgaris, TERB1 (Genbank ID: NW_004171015), TERB2 (Genbank ID: NW_0041710153) and MAJIN Genbank ID: NW_004173123). Hydra actin was used as a housekeeping gene to control for RNA amounts. The reactions were carried out with Phusion polymerase (Thermo-Fisher) for 32 cycles, -13 -so the amplification product was clearly visible. The products were visualized in a 1.2% agarose gel (PeqLab).
Whole mount in situ hybridization
Antisense probes were generated by cloning a part of the putative Hydra homologues of TERB1, TERB2, and MAJIN (size between 400-700 bp) into the pSC-A-amp/Kan vector (StrataClone PCR Cloning Kit, Agilent) using specific primers ( Supplementary Information, Table S4 ). After the validation of clone sequence, the vector was linearized for the synthesis of antisense RNA probes were performed by T7 and T3 RNA polymerase (Thermo-Fisher) with the incorporation of Dig-11-UTP (Roche Applied Science) at 37°C for 2 h. The RNA probes were purified using an RNeasy mini Kit (Qiagen) and checked by non-denaturing agarose gel electrophoresis. In situ hybridizations were performed according to the standard protocol described by Grens 
